Abstract
Water vapor variations associated with a meso-γ scale convection were investigated using GNSS (Global Navigation Satellite System) derived PWV (precipitable water vapor) and high resolution numerical model data with a 250 m horizontal grid interval. A rapid increase of GNSS-derived PWV that occurred prior to the initiation of surface rainfall was well simulated by the numerical model.
In the model, PWV values began to increase 16 min before the rainfall occurred at the surface. A local maximum of PWV was formed because of the generation of shallow free convection and surface water vapor flux convergence due to a lifting of an air parcel at approximately 1 km elevation by a preceding surface wind convergence. Due to the existence of a stable inversion layer between 2.2 and 3.5 km elevation, the shallow free convection took 11 min to rise above the inversion layer to form a deep convection. These results suggest that observation of local distributions of GNSS-derived PWV is useful for monitoring the generation of deep moist convection.
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Introduction
Water vapor is a source of energy for moist convection and has an influence on its developments. Therefore, understanding relationships between variations of water vapor and moist convective activities is important for the prediction of heavy rainfall. For example, it is reported that initiations of localized heavy rainfall are affected by inhomogeneous distributions of surface water vapor in the meso-γ scale by reducing CIN (convective inhibition) (Bodine et al. 2010) .
In Japan, studies of moisture variations associated with moist convection have been conducted by analyzing PWV (precipitable water vapor) derived from a nationwide GNSS (Global Navigation Satellite System) observation network known as GEONET (GNSS Earth Observation Network System), with mean inter-station distances of approximately 20 km. GEONET studies have reported that water vapor variations precede initiations of moist convections (Seko et al. 2007; Inoue and Inoue 2007) . However, the horizontal resolution of GEONET is not high enough to capture the fine structure of a water vapor field associated with a convection cell since the horizontal scale of isolated convection is on the order of a couple of km.
A few observational studies have been conducted to investigate relationships between water vapor variations and meso-γ scale convections by using regional GNSS networks with resolutions lower than 10 km. Seko et al. (2004) employed 75 GPS receivers within an area of 20 × 20 km 2 around Tsukuba, Japan and analyzed the thickening of the humid boundary layer before the generation of a thunderstorm by using a tomography method and GNSS derived slant path delay (SPD) data ). Realini et al. (2012) and Sato et al. (2013) installed 17 GNSS stations with a horizontal spacing of 1−2 km near Uji campus of Kyoto University, which is located south of Kyoto prefecture, Japan. They succeeded to improve the horizontal resolution of the retrieved PWV maps by analyzing PWV from high elevation SPDs. However, it is difficult to understand physical relationships between water vapor variations and the occurrence of meso-γ scale convections only from the information of observed PWV and surface rainfall. Therefore, the objective of this study is to clarify the cause for meso-γ scale water vapor fluctuations prior to moist convections by conducting a numerical downscaling experiment of a mesoscale non-hydrostatic model and comparing observed PWV data with output model data.
This manuscript is organized as follows: Section 2 describes analytical results based on observational data, such as weather radar, GNSS-derived PWV, and rain-gauge. Section 3 describes the explanation about the analyzed model and its analysis result. Relationships between simulated surface rainfall and simulated PWV and the associated three-dimensional movement of water vapor were the focus of this analysis. Discussion and summary are presented in Section 4.
Observational results

Synoptic conditions and the rainfall system
This study focuses on a heavy rainfall event on August 13−14, 2012, around Uji, Kyoto. Ishihara et al. (2013) reported that MCSs (meso-scale convective systems) produced 400 mm of accumulated rainfall in 13 h due to unstable atmospheric conditions, i.e. the CAPE (convective available potential energy) was 2340 J kg −1 at 21 LST on 13 August, 2012 at Shionomisaki, which is located 170 km south of Uji. Moist convections could occur anywhere around Kyoto due to the humid air supply near the surface in proximity to the stationary front, south of which the MCSs were generated. GEONET-derived PWV values at 21 LST on 13 August, 2012 at Shionomisaki and Uji were more than 60 mm and this fact suggests that CAPE value was also high in Uji. Figure  1 shows movement of a precipitation cell, which was part of a back-building type MCS, south of Kyoto. A new precipitation cell, which passed over the Uji campus within 30 min, was observed south-west of the Uji campus at 2000 LST on 13 August, 2012.
GNSS-based observations of PWV
Temporal variations of GNSS-derived PWV and surface rainfall amounts derived from a rain gauge associated with the passage of the precipitation cell were observed at the Uji campus (Fig.  2) . PWV data used here was derived from the GNSS receiver at the Uji campus, which is one of the receivers of the hyper-dense GNSS network used by the authors in earlier studies (Realini et al. 2012; Sato et al. 2013) . Precipitation intensity at the GNSS station rapidly increased from 2010 LST on 13 August, 2012, reached a maximum of more than 60 mm h −1 within a few minutes, and diminished by 2020 LST. The GNSS-derived PWV started to increase approximately 10 min before the intensification of surface precipitation. As a result, PWV value increased by approximately 4 mm in 10 min.
Study of Water Vapor Variations Associated with Meso-γ Scale Convection:
Comparison between GNSS and Non-Hydrostatic Model Data increased from 40 m to 886 m as their height increased. The prognostic variables were wind components, temperature, pressure and all water-related quantities such as vapor, rain, clouds, snow, graupel, and ice clouds (all three-dimensional). Although experiments had been conducted by setting initial times of 2 km-NHM and 250 m-NHM as 1800 LST and 1900 LST on 13 August, 2012 respectively, the observed precipitation cell was not reproduced. In contrast, if we set initial times as 0000 LST and 0100 LST on 14 August, 2012 for 2 km-NHM and 250 m-NHM, respectively, a back-building type MCS was simulated by 2 km-NHM and a precipitation cell which was part of the MCS and initiated around Uji was simulated by 250 m-NHM. Figure 3 shows the precipitation intensity maps simulated by the 250 m-NHM. Surface precipitation around Uji started at 0118 LST. Subsequently, the cell continued to grow and reached an intensity of more than 10 mm h −1 at 0128 LST. Although the initiation place of the simulated cell was shifted of about 5 km southward with respect to the observation, the difference of the initiation place is small and its moving direction agreed well with the observation result. In addition, the fact that the observed and simulated precipitation cells were both part of the same type of MCSs indicates that these cells were generated under ambient conditions very similar to those of the observation result. Figure 4 shows the temporal variations of PWV and the precipitation intensity as reproduced by the 250 m-NHM simulation. These values were calculated at a location approximately
Simulation results
Design of the simulation and validation of the model data
Analyzed numerical model data were derived from the Japan Meteorological Agency Non-hydrostatic Model (JMA-NHM) (Saito et al. 2007 ). First, numerical simulation using a horizontal grid interval of 2 km (2 km-NHM) were performed to express unstable background condition and the MCS south of Kyoto. The 2 km-NHM has 451 × 451 horizontal grid points and a horizontal domain centered at 35°N, 135°E on a Lambert conformal projection. The initial and boundary conditions were set on the basis of JMA mesoscale analysis data (NPD/JMA 2013). It is commonly known that phenomena expressible by numerical models have horizontal scales at least more than 5 times that of the models' grid intervals. Since we focus on water vapor variations within few kilo meters, we conducted downscaling to a horizontal grid interval of 250 m (250 m-NHM). The 250 m-NHM has 161 × 161 horizontal grid points and a horizontal domain centered at 34.88°N, 135.77°E on a Lambert conformal projection. Three-ice bulk microphysics was used in both experiments (Lin et al. 1983; Murakami et al. 1990) , with no cumulus parameterization. A hybrid terrain following coordinate is adopted as the vertical coordinate and the vertical resolution was 50 levels from the surface to the model top (21801 m) in both models. The lowest atmospheric level was 20 m above the surface, and the depth of the layers 5.5 km south-southeastward of the Uji campus, indicated in Fig.  3 . A rapid PWV increase prior to the intensification of surface precipitation was successfully simulated and this result suggests the validity of the numerical modeling, particularly regarding the relationship between water vapor variation and rainfall intensity. For the above reasons, the data of 250 m-NHM is worth using for analysis at least to investigate the physics of the observed precipitation cell. Figure 5 shows maps of PWV and precipitation intensity associated with the precipitation cell and its evolution over time in 6 min intervals from the 250 m-NHM. The indicated horizontal domain has an area of 12.8 km × 8.9 km. The PWV values in the eastern side have relatively lower values, because mountains cover this region. Surface precipitation started at 0118 LST. We focused on the local PWV maximum indicated by a "▲" in the figure at 0118 LST. This maximum formed before the start of surface precipitation and can be recognized by its shape at 0106 LST, 12 min before the start of rainfall. The horizontal velocity of the local PWV maximum was estimated by assuming constant movement from 0106 LST to 0130 LST and the locations of the local PWV maxima for each time are indicated by "▲" symbols in Fig.  5 . Vertical profiles of water vapor and wind at these points were analyzed to investigate the mechanism for the PWV increase associated with the cumulonimbus cloud. Figure 6a shows temporal variations of the PWV anomaly and VIL (vertically integrated liquid water) at the local PWV maximum. The PWV started to increase at 0102 LST, 16 min before the start of the surface rainfall. Figure 6b shows the vertical distribution of the vertical wind velocities and its temporal evolution. Before 0118 LST, a downward wind region can be seen at an elevation of approximately 2 km, with upward wind motion occurring below this region. After 0118 LST, upward wind velocities became strong and deep convection was generated. The downward wind region prior to 0118 LST was likely an inversion layer. Before 0118 LST, upward wind velocities were more than 4 m s −1 and we can deduce that a shallow free convection had already generated under the downward wind region. Figure 6b shows a strong upward wind region at a height of 1 km that can be traced back to 0107 LST. In addition, the rate of the PWV increase became large at 0107 LST. Therefore, the initiation of the free convection occurred at approximately 0107 LST. Before 0107 LST, horizontal surface wind convergence can be seen in Fig. 6c and this convergence caused the lifting of an air parcel around 1 km elevation. The maximum horizontal convergence formed at an elevation of 1.7 km at 0118 LST, following the breakthrough of the inversion layer (Fig. 6c) . The humid boundary layer thickened with time due to shallow convection and the following horizontal convergence of moisture near the surface from 0107 LST to 0118 LST (Fig.  6d) , resulting in the increase of PWV.
Simulated meso-γ scale PWV fluctuations
Figure 7 (left) shows the vertical distributions of equivalent potential temperature and the saturated equivalent potential temperature at 0105 LST. An inversion layer can be seen between 2.2 and 3.5 km elevation and a strong convective instability is evident between 1.00 and 1.28 km elevation. Air at elevations between 0.73 and 1.08 km was saturated with water vapor at 0105 LST and it was confirmed that an air parcel in this layer was located at the LFC (level of free convection) (Fig. 7 (left) ). The height of the convectively unstable layer increased with time after the shallow convection was initiated at 0107 LST and the inversion layer can no longer be seen at 0120 LST after its breakthrough at 0118 LST.
Summary and discussion
Variations of water vapor associated with a meso-γ scale convection were investigated using a non-hydrostatic mesoscale ) at time steps of 6 min reproduced by the 250 m grid interval simulation from 0100 LST to 0130 LST on August 14. Vertical profiles of physical values were analyzed by tracing the convection cell at the points depicted by "▲" symbol. The "▲" symbol at 0124 LST corresponds to the red "×" symbol in Fig. 3 . model and observational data. Temporal variations of PWV and surface precipitation intensity associated with the passage of a convection cell that was part of a back-building type MCS, which brought heavy rainfall to Uji on 13−14 August, 2012, were observed using a GNSS receiver and rain gauge. Based on observations at the Uji campus, PWV values started to increase rapidly approximately10 min before the intensification of surface precipitation.
A downscaling simulation was performed to simulate water vapor variations within a cumulonimbus cloud that passed over the Uji campus using the JMA-NHM by setting a horizontal grid interval to 250 m. Although there is a small gap in the formation time between the simulated and observed rain bands, back-building type MCSs were simulated by a 2 km-NHM. Furthermore, the validity of the downscaling results was confirmed because the 250 m grid interval simulation successfully simulated the observed rapid PWV increase prior to the surface rainfall.
In the model, PWV associated with moist convection began to increase at 0102 LST, 16 min before the start of surface rainfall (at 0118 LST) and local maximums of PWV were formed prior to the rainfall. Analysis of output data revealed that free convection was initiated at 0107 LST, 11 min before the surface rainfall, due to the lifting of an air parcel at approximately 1 km elevation. The air parcel became buoyant because the air column around 1 km elevation was highly convectively unstable, allowing the air parcel to reach the LFC, and the horizontal wind had previously converged near the surface before the initiation of the free convection. It was also revealed that it took 11 min for the free convection to rise above a stable inversion layer that existed between 2.2 and 3.5 km elevation to generate deep convection. Therefore, the PWV increase from 0102 to 0107 LST was caused by surface wind convergence and the PWV increase from 0107 to 0118 LST was caused by shallow free convection under the inversion layer. Then, rainfall at the surface started at 0118 LST.
During this heavy rainfall event, a large area was affected by high PWV values of more than 60 mm. Under such atmospheric conditions, the distribution of surface wind convergence may be more important than local convergence of moisture to determine where the convection is initiated. However, even under such conditions, observation of the local distribution of PWV is useful for monitoring convective activity because local convergence of moisture is detectable from PWV maps and air parcels require time to form deep convections with the presence of an inversion layer.
